The vascular microenvironment at the primary tumor site is represented by 12 functionally diverse types of vessels that contribute to metabolic supply, trafficking/dissemination of 13 tumor cells, and delivery of chemotherapeutics. However, the role of leukemia-associated vascular 14 networks in leukemia progression remains poorly understood. We utilized a MYC-induced T cell 15 leukemia model in zebrafish to assess the involvement of vascular endothelial growth factor 16 A-dependent (VEGFR2+), VEGFA-independent vasculature (VEGFR2-), and lymphatics in the initial 17 stages of leukemia cell dissemination using intravital microscopy. Leukemogenesis underwent 18 sequential progression, from initial successive emigration of single leukemic cells from the thymus 19 towards the kidney marrow, followed by collective migration in a dorsal-lateral direction with 20 scattered migration from the ventral thymus towards the aortic arches, before streaming towards the 21 rostral kidney area. Trafficking appeared independent of VEGFR2+ vasculature but was closely 22 associated with VEGFR2-microvessels, and, interestingly, leukemic cells did not utilize lymphatics 23 during initial dissemination. Overall, leukemic cells appeared to utilize the same routes as normal T 24 cell progenitors during development but in a reverse order, and primarily recruited VEGFR2-25 microvessels during the initial stages of progression. Ultimately, interfering with leukemia cell 26 migration by targeting vascular networks may represent a new therapeutic strategy to control 27 leukemia progression. 28 30 34 activating gene 2 (Rag2)-expressing lymphocyte precursors constitutes a critical step in the 35 development of immunocompetency, the intensive V(D)J recombination can result in Rag2-induced 36 off-target effects that may drive diverse leukemogenesis [4-6]. These types of genetic events might 37 significantly modify and diversify the behavior of the MYC-transformed leukemia cells, and the 38 molecular events accompanying Myc-induced cell transformation in leukemia and other cancers 39 have been extensively delineated. However, the microenvironmental and developmental contexts of 40 leukemogenesis remain largely unknown. 41 Normal Rag2+ T cell progenitors that colonize the thymus undergo a well-established life 42 cycle, including migration into the primordial thymus, homing to specific compartments within 43 thymus, and either apoptosis or clonal expansion followed by further lineage-directed 44 differentiation and emigration away from the thymus. In T cell leukemia, with high Myc expression 45 in particular, normal Rag2-expressing lymphocyte differentiation is blocked and cells are prompted 46 towards uncontrolled proliferation [7-9]. In addition to intrinsic changes in the transformed cells, 47 Myc overexpression in other types of cancers causes inflammatory remodeling of the tumor 48 microenvironment, angiogenesis, and ultimately, promotes metastatic behavior [10,11]. Unlike the 49 metastatic spread of epithelial cancers, lymphocytic leukemia dissemination is generally not a 50 reflection of tumor progression, but rather of a conserved physiological behavior that might, at least 51 partially, recapitulate trafficking of normal lymphocytes and their progenitors. However, the routes 52 that normal and leukemic lymphocytes utilize for trafficking in and out the thymus are not 53 well-defined [12,13]. Even less is known about the roles of different vascular networks in the 54 thymus; the vascular contribution to metabolic supply of the thymus may ultimately affect cell 55 behavior.
Introduction

31
Immature lymphocytes are a common target for malignant transformation into leukemia.
32
For example, acquisition of high expression of the Myc oncogene is closely involved in lymphocytic 33 leukemia in mammals and zebrafish [1] [2] [3] . In addition, while differentiation of recombination After 28 dpf, cells quickly spread into kidney head before gradually expanding to kidney trunk 120 and developing large colonies there, followed by movement into the area corresponding to the 121 caudal vein plexus before dissemination throughout the body ( Figure 1E ). At this stage of leukemia 122 progression, leukemia colonies also emerged in the posterior cranial area, a prospective area of 123 adult-like kidney and in the retro-orbital area, near the former pharyngeal patch, the site which gave 124 rise to thymic epithelium ( Figure 1F ). Why subsets of leukemic cells prefer to home to one niche over 125 others is an area that we are actively investigating. 
136
In total, these data show that leukemic cells are not emigrating from the thymus and 137 disseminating in a stochastic manner. Instead, leukemogenesis appears to happen in a sequential 138 and directional manner that was consistent in all animals that we observed. Myc-derived zebrafish T 139 cell leukemias are known to have heterogenous mutations and differential gene expression profiles, 140 between individual leukemias and between clones within the same leukemia [14, 25, 26 ]. Yet, our 141 data that leukemias consistently follow the same dissemination pattern suggest that initial leukemia 142 onset is not reliant on acquisition of certain mutations or gene expression, and instead may be 143 heavily influenced by either normal routes of T cell emigration from the thymus and/or external 144 factors such as the thymic microenvironment. 145 146 2.2 VEGFR2+ vasculature is not spatially associated with Rag2:GFP-Myc leukemia dissemination.
147
The vascular microenvironment is key to cancer progression as it influences the metabolic 148 needs of the tumor and provides a route for solid tumor cell dissemination. The contributions of the 149 vascular system to leukemogenesis are unknown. To gain insight into how the vascular 150 microenvironment might impact the initial steps of dissemination of a developing leukemia in the 151 thymus, we crossed rag2:GFP-Myc transgenic fish with lines of fish harboring transgenic reporters 152 that label different types of vasculature, including flk:RFP, which labels all VEGFR2+ vasculature 153 [27, 28] , lyve:dsRED, which labels lymphatics [29] , and fli1ep:GAL4FF/UAS:mRFP, which is based on 154 the pan-vascular Fli1a but is negatively regulated by VEGF-A [19, 30, 31] , and which in our model 155 depicts VEGFR2 negative microvasculature.
156
VEGF-A, the main vascular growth factor, acts primarily via VEGFR2 receptor on endothelial 157 cells, promoting arterial-venous angiogenesis and vascular integrity in various tissues and organs 158 under physiologic conditions. It is well documented in a variety of cancers that VEGFA secretion by 159 tumor cells promotes angiogenesis in VEGFR2+ endothelium, and this process is thought to be 160 critical for growing tumors to remain oxygenated. Interestingly, we observed no role for VEGFR2+ 161 vasculature in T cell leukemia onset. By 14dpf, VEGFR2+ main vascular branches and their 162 ramifications were not spatially associated with normal Rag2:GFP thymus and even to a lesser 163 extent with leukemic ones (Figure 2 , and quantified in Figure 3A ). The oxygen-rich VEGFR2+ 164 vasculature was primarily present in aortic arches, which are ventral to the cortical thymus.
165 Surprisingly, by 21dpf, only sparse individual Rag2:GFP-Myc leukemic cells were associated with 166 this VEGFR2+ vasculature, but cells neither embedded nor intravasated into these vessels until 
214
Although all VEGFR-positive vasculature is also positive for Fli1a, a pan-endothelial marker, 215 some Fli1a vessels are VEGFR-negative. We consistently observed that Fli1a+/VEGFR2-negative 216 microvessels (<2µm diameter) penetrated both the normal and leukemic thymus ( Figure 6 ); 217 however, size of the lumen of these vessels prevented them from transporting intravasated leukemic 218 cells, which are approximately 10µm diameter. Instead, these vessels appeared to provide a scaffold 219 for individual leukemic cell migration towards kidney/marrow in early stages of leukemia cell 220 dissemination. We also did not observe any flow of leukemic cells in the larger Fli1a+ vessels 221 surrounding thymus; however, leukemic cells consistently lined up along the outer surface of these 222 vessels, suggesting that they may be crawling along these structures before reaching a secondary site 223 of expansion. ( Figure 5B ). In total, we observed leukemogenesis proceeding in a step-wise manner that was reminiscent of 233 normal T cell population of the thymus, but in a reverse order. We found a surprising lack of 234 association of oxygen-rich VEGFR+ vasculature with leukemia dissemination, and limited 235 involvement of lymphatics. Yet, an important role of the vascular component in leukemia onset was 236 apparent in the fli1a+/VEGFR-vasculature, as cells routinely followed trails established by these 237 microvessels. Work to define the specific type of vessel comprised by this population, and it's 238 precise role in leukemia dissemination, is ongoing.
240
Discussion
241
In this study, we analyzed the pattern of dissemination of Rag2+ leukemic cells in a heritable 242 model of Myc-induced lymphocytic leukemia in zebrafish. Earlier described models of similarly 243 induced zebrafish thymus-derived leukemias showed an acute lymphoblastic leukemia with 244 stochastic diffusion of emigrating leukemic cells, followed by dissemination via blood vessels, with 245 the animal rapidly succumbing to disease [14, 16] . In our model, the sequential pattern of leukemic 246 cell dissemination from thymus to marrow to blood, the slow disease progression, and a relatively 247 benign course of leukemia is suggestive of chronic lymphocytic leukemia in mammals, and/or 248 transformation of T cells in later stages of development, and we are in the process of confirming this 249 at the molecular level.
250
Fli1ep:RFP
We found that leukemia cell movement away from the thymus largely recapitulates the timing 251 and direction of lymphocyte precursor migration into the primordial thymus, but in a reverse order.
252
Normal lymphocyte precursors utilize multiple routes to reach the thymus in zebrafish, beginning in 253 the narrow region between the dorsal aorta and caudal vein, followed by the pharyngeal arches, the 254 primary head sinus, and the posterior cerebral vein [13, 32, 33] . In our model of T cell leukemia,
255
Rag2:GFP-Myc cells begin dissemination by leaving the caudal tip of thymic cortex towards kidney 
287
Rag2:GFP-Myc leukemia cells also collectively migrated towards the dorsal-lateral part of the 288 thymus, i.e. towards medulla, where they again lacked VEGFR2+ vascular supply but were closely 289 associated with fli1+/VEGFR2-and lymphatic vessels, occasionally intravasating into the latter.
290
Interestingly, we also consistently observed that a subpopulation of Rag2:GFP-Myc 291 leukemic cells broke the basal membrane in the ventral part of the thymus and spread towards oxygen-rich aortic arches. This phenomenon demonstrates a spatiotemporal uncoupling of leukemia 293 dissemination and invasion within the same tumor, leading us to hypothesize that leukemic cell fate 294 and intra-tumoral heterogeneity may be influenced by vascular context, in which the metabolic, 295 chemokine and cellular composition of the blood vessels, microvasculature, and lymphatics within 296 areas of the thymus differ and can influence leukemia behavior. For example, normal thymocytes in 297 the ventral cortical area of thymus display the highest rate of proliferation during development due 298 to proximity to the oxygen-rich pharyngeal epithelial region [35] , and it is possible that leukemic 299 cells that we observed migrating towards oxygen-rich areas of VEGFR-positive vasculature were 300 similarly in cell cycle. Additionally, differential availability of oxygen depending on the vascular 301 composition of the niche may create regional differences in metabolism that favors one behavior in 302 leukemic cells over another. For example, the proximity to VEGFR2+ vessels that carry oxygen-rich 303 erythrocytes would increase the oxygen gradient in the tissue, which favors oxidative 304 phosphorylation, while erythrocyte depleted microvasculature (fli1+; VEGFR2-) and lymphatics 305 (lyve1+) would generate microenvironment that would favor a more "hypoxic" metabolism in 306 leukemia cells. We are currently investigating the specific mechanisms that control metabolic 307 re-programming in leukemic cells in the primary site of leukemia development.
308
In total, considering the high level of consistency in migratory behavior of Rag2:GFP-Myc 309 expressing leukemia across individual leukemia-bearing zebrafish, the acquisition of random 310 mutations that can collaborate with Myc expression to drive leukemia onset and progression seems 311 very unlikely. We hypothesize that the microenvironment-derived metabolic, growth factor, and 312 cytokine cues create a cascade of intrinsic and migratory changes in leukemia cells that lead to 313 leukemia spread in the initial stages of the disease, and this may be regulated in large part by 314 specific vascular networks. While vascular networks are described in great detail in early embryonic 315 development in zebrafish (up to 5dpf), they have not been explored at the same levels in juvenile 316 and adult animals; this investigation is warranted and has increasing significance since the majority 317 of pathological processes, cancer in particular, typically occur in later stages of ontogenesis with 318 high specification of vascular networks in relation to tissue/organ type. Visualization of these 319 interactions will greatly enhance our understanding of systemic interactions between cancer cells 320 and their microenvironment, and will establish novel and more specific targets for antitumor 321 therapy. 
349
To quantify proximity of vasculature to the thymus, the average distance between the center of 350 the thymus and the four largest surrounding vessels was defined in Imaris 9.2. The center of the 351 thymus was determined by creating a cubic region of interest around the edge of the thymus and 352 finding the midpoint of each dimension of the cube. The four largest vessels in the viewing field 353 were determined by diameter. Spots were placed on these vessels where they closest to the thymus, 354 and the Imaris 3D distance measurement feature was used to record distance of thymic center to 355 vessel. Data represent the average of the four vessel distances for each image that was quantified.
356
Statistical significance was calculated using unpaired, two-tailed t-tests in GraphPad Prism.
357
Significance was assigned when p<0.05.
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